Previous studies indicate that nuclear factor kappaB (NF-kB) transcription factor is deregulated and overexpressed in several human neoplasias. The aim of this study was to test the hypothesis that the NF-kB pathway may be involved in parathyroid tumorigenesis. For this purpose, we determined the level of NF-kB activity, evaluated as phosphorylation of the transcription subunit p65, its modulation by specific and non-specific agents and its impact on cyclin D1 expression. Phosphorylated p65 levels present in parathyroid neoplasias (n = 13) were significantly lower than those found in normal tissues (n = 3; mean optical density (OD) 0.19t0.1 vs 0.4t0.1, P = 0.007), but there was no significant difference between adenomas and secondary and multiple endocrine neoplasia type 1 (MEN1)-related hyperplasia. Conversely, MEN2A (Cys634Arg)-related parathyroid samples showed extremely high levels of phosphorylated p65 that exhibited a nuclear localization at immunohistochemistry (n = 3). Phosphorylated p65 levels negatively correlated with menin expression (r 2 = 0.42, P = 0.05). Tumor necrosis factor-a (TNFa) caused a significant increase in phosphorylated p65 levels (183t13.8% of basal) while calcium sensing receptor (CaR) agonists exerted a significant inhibition (19.2t3.3% of basal). Although TNFa was poorly effective in increasing cyclin D1 expression, NF-kB blockade by the specific inhibitor BAY11-7082 reduced FCS-stimulated cyclin D1 by about 60%. Finally, the inhibitory effects of CaR and BAY11-7082 on cyclin D1 expression were not additive -by blocking NF-kB CaR activation did not induce a further reduction in cyclin D1 levels. In conclusion, the study demonstrated that in parathyroid tumors: (1) p65 phosphorylation was dramatically increased by RET constitutive activation and was negatively correlated with menin expression, (2) p65 phosphorylation was increased and reduced by TNFa and CaR agonists respectively, and (3) blockade of the NF-kB pathway caused a significant decrease in cyclin D1 expression. Endocrine-Related Cancer (2005) 12 929-937
Introduction
The ubiquitous nuclear factor kappa B (NF-kB) transcription factor plays a crucial role in immune and inflammatory responses. NF-kB is a heterodimeric transcription activator consisting of the DNA binding subunit p50 and the transactivation subunit p65/RelA (hereafter referred to as p65) (Delfino & Walker 1999) . In most cells, NF-kB is sequestered in the cytoplasm bound to its biological inhibitor IkB. A variety of stimuli, such as cytokines, toxins and mitogens, activate the IkB kinase complex, leading to the degradation of the phosphorylated IkB and the release and nuclear translocation of NF-kB (Delfino & Walker 1999) . In addition to the involvement in the immune response, NF-kB serves as a positive mediator of normal cell growth and oncogenesis, consistent with the observation that several human neoplasias, such as breast cancers, hepatocellular carcinomas, micosis fungoides and Hodgkin's disease, are associated with NF-kB deregulation and overexpression (Bargou et al. 1997 , Sovak et al. 1997 , Izban et al. 2000 , Tai et al. 2000 . Accordingly, the transcription of the cyclin D1 gene, a key regulator of G1 phase progression, is potently activated by p65 (Guttridge et al. 1999) . Moreover, the oncosuppressor gene, menin, that is mutated in multiple endocrine neoplasia (MEN) type 1 syndrome, has recently been reported to interact with NF-kB and to inhibit the NF-kB-mediated transcriptional activation (Heppner et al. 2001) .
Several lines of evidence suggest that both cyclin D1 and menin are strongly involved in parathyroid tumorigenesis (Rosemberg et al. 1991 , Bhuyan et al. 2000 . The overexpression of cyclin D1 protein as well as the loss of the tumor suppressor function of menin have been demonstrated to induce parathyroid hyperplasia in transgenic mice (Imanishi et al. 2001 , Bertolino et al. 2003 , Libutti et al. 2003 . Moreover, as a consequence of inactivating menin mutations, parathyroid neoplasia develops in almost all patients with MEN1. Parathyroid hyperplasia is also found in 10-25% of cases of MEN type 2A, in which mutations of the RET oncogene occur. A possible link between RET gene product and NF-kB activity has been suggested by the recent demonstration that TT cells, a human medullary thyroid carcinoma cell line expressing the MEN2A and MEN2B type RET oncogene, displayed transcriptionally active p65, its inhibition resulting in cell death (Ludwig et al. 2001) .
In the present study, we tested the hypothesis that the NF-kB pathway may be involved in parathyroid tumorigenesis. In particular, NF-kB activity, evaluated as phosphorylation of the transcription subunit p65, and its correlation with RET and menin expression, as well as the effects of calcium-sensing receptor agonists on NF-kB activation and cyclin D1 expression were investigated in human parathyroid tumors.
Materials and methods

Parathyroid tissues
The study included 9 biopsies of normal parathyroid glands obtained from normocalcemic patients who underwent surgery for thyroid disease and 21 parathyroid neoplasias (12 adenomas from patients with primary hyperparathyroidism, 3 hyperplasias from patients with hyperparathyroidism secondary to renal failure, 3 hyperplasias from patients with MEN1-related hyperparathyroidism and 3 from MEN2A patients). Tissues removed at surgery were in part fixed in 10% buffered formalin and paraffin embedded for immunohistochemistry (IHC), in part placed in sterile medium for cell culture, and in part snap frozen in liquid nitrogen and stored at x70 C until analysis. All parathyroid tumors were screened for MEN1 and RET gene mutations. DNA was extracted from parathyroid tissues by standard methods. By amplification of exons 10, 11, 13, 14, 15 and 16 of the RET gene and direct sequencing, performed as previously described (Fugazzola et al. 2002) , the Cys634Arg mutation was detected in the parathyroid hyperplasias from patients with MEN2A. As far as the menin gene was concerned, the 9 exons of the coding sequence were amplified and direct sequencing revealed three mutations (Arg415stop, Val117stop, Glu474stop) in the parathyroid hyperplasias from patients with MEN1 (primers available on request). The study was approved by the local Ethical Committee and an informed consent was obtained from each patient.
Immunohistochemistry
Sections from paraffin-embedded tissues were stained with hematoxylin and eosin for routine light microscopy examination. IHC detection of NF-kB p65 was carried out using the immunoperoxidase technique. Briefly, tissue sections were dewaxed, rehydrated in xylene/alcohol, and subjected to antigen retrieval by three 6-min microwave cycles in sodium citrate (pH 6.0). Endogenous peroxidase was blocked by incubation for 10 min with 3% hydrogen peroxidase in deionized water. Sections were then incubated for 1 h at room temperature with a rabbit polyclonal antibody against NF-kB p65 (Zymed Laboratories, Inc., San Francisco, CA, USA) diluted 1 : 500. Antigen-antibody detection was performed with a peroxidase-conjugated secondary antibody (Envision; DAKO, Carpinteria, CA, USA). Sections were stained with 3,3 0 -diaminobenzidine substrate and quickly counterstained with hematoxylin. Control sections were obtained by omitting the primary antibody.
Determination of phosphorylated p65 levels in cultured parathyroid cells and tissue samples
Dispersed parathyroid cells were obtained by enzymatic digestion and cultured at a density of 10 6 cells/ well for 16 h in HAM-F10 (containing 0.5 mM Ca 2 + and 0.5 mM Mg 2 + ) (Sigma Chemical, St Louis, MO, USA), supplemented with 10% heat-inactivated fetal calf serum (FCS) and antibiotics in a humidified atmosphere of 5% CO 2 at 37 C, as previously described (Corbetta et al. 2000) . After 16 h, cell cultures were treated with various reagents, i.e. tumor necrosis factor a (TNFa), BAY11-7082, gadolinium and neomycin (Sigma Chemical) for 30 min and subsequently placed on ice. The NF-kB activation was evaluated by detecting phosphorylated p65 protein in 10 mg/well nuclear protein extracts from each cell preparation using the TransAM NF-kB kit (Active Motif, Rixensart, Belgium). Phosphorylated p65 specifically binds to the immobilized oligonucleotide containing the NF-kB consensus site (5 0 -GGGAC-TTTCC-3 0 ). The primary antibody used to detect NF-kB recognized an epitope on p65 that is accessible only when it is activated and bound to its DNA target. A horseradish peroxidase (HRP)-conjugated secondary antibody provided a sensitive colorimetric readout that was quantified by spectrophotometry at 450 nm. As a positive control, Jurkat nuclear extracts (2.5 mg/ well) were used. The same kit was used to assess the levels of phosphorylated p65 in parathyroid tissues (20 mg/well total protein extracts from each tissue sample in duplicate).
Detection of menin protein expression
Twenty micrograms total proteins extracted from normal and neoplastic parathyroid tissues using Cell Lysis buffer (New England Biolabs, Beverly, MA, USA) supplemented with 200 mM PMSF (Sigma Chemical) and protease and phosphatase inhibitors, were separated by SDS-PAGE at 10%, and transferred to nitrocellulose filters (Transfer Blot, BioRad), as previously described (Corbetta et al. 2002) . The filters were subsequently incubated for 3 h with an affinitypurified goat polyclonal antibody raised against the C-terminal region of the menin protein of human origin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) diluted 1 : 200, and then with a secondary rabbit anti-goat antibody conjugated to HRP (diluted 1 : 2000). The expression of glyceraldeyde-3-phosphate deydrogenase (GAPDH) by a mouse monoclonal anti-GAPDH antibody (Ambion, Ltd., Huntingdon, Cambridgeshire, UK) was used as an internal control for protein loading. The membranes were finally treated with chemiluminescent substrate and enhancer (Pico Western Detection kit; New England Biolabs, Beverly, MA, USA) and exposed to X-ray film for 10 s. The densitometric readings of the resulting bands were evaluated using a BioRad GS-670 imaging densitometer.
Detection of cyclin D1 protein expression
Dispersed cells (10 6 cells/well) were cultured in HAM-F10 (containing 0.5 mM Ca 2 + and 0.5 mM Mg 2 + ), supplemented with 0.5% FCS and penicillin/streptomycin in a humidified atmosphere of 5% CO 2 at 37 C for 16 h. Subsequent incubations with various reagents were performed in HAM-F10 with 0.1% bovine serum albumin at 37 C for 8 h and then stopped on ice. Apoptosis was analyzed by examination of cellular morphology, and cellular preparations in which it occurred in more than 10% of cells were excluded. In the medium, Ca 2 + concentrations were controlled by the direct electric potential method (EML-100, Radiometer, Copenhagen, Denmark). The medium was removed and cells were treated with 200 ml ice-cold Cell Lysis buffer (New England Biolabs) supplemented with 200 mM PMSF and protease and phosphatase inhibitors. Cyclin D1 was selectively immunoprecipitated from 100 mg total proteins (as detected by the bicinchoninic protein assay) by the specific mouse monoclonal anti-human cyclin D1 antibody (Novocastra Laboratories, Newcastle upon Tyne, UK) and the resulting immunoprecipitates were measured by western blotting, visualized by the chemiluminescent method and evaluated by imaging densitometer, as previously described (Lania et al. 2003) . Experiments were repeated at least twice.
Statistical analysis
Data are presented as the meantstandard error (S.E.). Statistical analysis was carried out using the paired or unpaired Student's t-test and linear regression analysis as appropriate. A P value of less than 0.05 was considered statistically significant.
Results
Evaluation of phosphorylated p65 levels in human parathyroid tissues
The primary antibody used to detect NF-kB in frozen tissues recognized an epitope on phosphorylated p65 that is accessible only when NF-kB is activated and bound to its DNA target. By using this approach, the levels of phosphorylated p65 present in parathyroid neoplasias (n =13) were significantly lower that those found in normal tissues (n =3; mean optical density (OD) 0.19t0.1 vs 0.40t0.1, P =0.007), with no significant difference between adenomas (n =9) and secondary (n =3) and MEN1-related hyperplasia (n =1) (mean OD 0.19t0.04 vs 0.20t0.05). By contrast, parathyroid samples harboring the Cys634Arg RET mutation showed extremely high phosphorylated p65 levels, that doubled those detected in normal parathyroid tissue (Fig. 1) . Accordingly, by IHC analysis MEN2A-related hyperplasias (n =3) showed an intense nuclear immunureactivity for p65 in about 25-30% of neoplastic cells, that was mainly Endocrine-Related Cancer (2005) 12 929-937 www.endocrinology-journals.org localized in the nucleus, consistent with the nuclear translocation of the phosphorylated NF-kB. By contrast, cells from normal and neoplastic parathyroids showed a weak to moderate immunoreactivity that was restricted to the cytoplasm (Fig. 2) .
Menin protein expression in parathyroid tissues
Menin protein expression was evaluated in the same parathyroid tumors that were analyzed for phosphorylated p65. Menin protein was detected in all parathyroid tumors except the one harboring the Arg415stop mutation in the menin gene (Fig. 3) . Menin expression levels in parathyroid tumors were highly variable (OD ranging from 1.88 to 6.98) compared with those observed in normal tissues (OD ranging from 2.82 to 3.13). Considering the sporadic parathyroid adenomas and non MEN-related hyperplasia, a negative correlation between phosphorylated p65 levels and menin levels was detected (r 2 =0.42, P =0.05), with parathyroid tumors characterized by relatively higher menin expression showing lower phosphorylated p65 levels (Fig. 4) .
Modulation of p65 phosphorylation in normal and neoplastic parathyroid cells phosphorylated p65 levels. Preincubation with the specific inhibitor BAY11-7082 (10 mM), that is known to prevent the phosphorylation of IkBa and the subsequent release and activation of p65, abolished basal phosphorylated p65 levels (Fig. 5) . In adenomatous parathyroid cell preparations, 10% FCS stimulation induced a slight but significant increase in phosphorylated p65 levels. In this condition, a 2-h preincubation with 100 nM phorbol 12-myristate 13-acetate (PMA), a well known NF-kB activator, induced an increase in phosphorylated p65 levels (243t24.7% of basal levels), suggesting that in parathyroid cells, as in other cell systems, the NF-kB pathway may be induced through protein kinase C activation. Similarly, the addition of the cytokine TNFa (100 ng/ml) induced a significant increase in phosphorylated p65 levels in cell preparations from normal (287t24%, n =3) and tumoral parathyroid tissues (Fig. 5) .
As parathyroid hormone secretion and cell proliferation are modulated by the calcium sensing receptor (CaR), the effect of CaR activation by the selective CaR agonists gadolinium (300 mM) and neomycin (1 mM) on NF-kB activity was investigated. Both agonists induced a significant inhibition of basal and TNFa-stimulated levels of phosphorylated p65 (Fig. 5 and data not shown).
Effect of NF-kB blockade on cyclin D1 expression
In eight tumoral parathyroid cell preparations cultured in medium supplemented with 10% FCS, the blockade of NF-kB activity by incubation with 10 mM BAY11-7082 significantly reduced FCS-stimulated cyclin D1 levels (Fig. 6) . Conversely, although 100 ng/ml TNFa did not exert any significant effect on basal cyclin D1 expression, it induced a trend towards an increase in FCS-stimulated cyclin D1 levels (245t57%, P =not significant). In the presence of 10% FCS, CaR activation by 300 mM gadolinium induced a 22-50% reduction in cyclin D1 expression. The effects of CaR and BAY11-7082 on cyclin D1 were not additive, since by blocking NF-kB phosphorylation, CaR activation did not induce a further inhibition of cyclin D1 levels (Fig. 6) .
Discussion
In the present study, we provided data demonstrating that the NF-kB pathway was active in human parathyroid cells and was likely involved to a certain extent in parathyroid cell proliferation. The transcription factor NF-kB is considered as a positive mediator of cell growth in a number of cell types, although the molecular mechanisms involved in this process remain largely unknown. Moreover, deregulated NF-kB Stimulation with 10% FCS induced a slight but significant increase in phosphorylated p65 levels. In this condition, the blockade of NF-kB activation obtained by preincubation with the specific inhibitor BAY11-7082 (10 mM, n = 4) demonstrated the specificity of the reaction and the activation of the NF-kB inhibitory protein IkBa. NF-kB activity was increased by PMA (100 mM, n = 3) and TNFa (100 ng/ml, n = 4). CaR activation by 300 mM gadolinium (Gd 3 + ) induced a decrease in NF-kB activity in the basal and TNFa-stimulated condition (n = 3). Data represent the percent stimulation (meanstS.E.) over basal values (in the absence of FCS), which are arbitrarily defined as 100%. *P<0.05 vs basal phosphorylated p65 levels; #P<0.05 vs 10% FCS-stimulated phosphorylated p65 levels; ·P<0.05 vs TNFa-stimulated phosphorylated p65 levels. (2005) 12 929-937 www.endocrinology-journals.org activity has been associated with oncogenesis, since elevated NF-kB levels have been described in human cancers (Dejardin et al. 1995 , Sovak et al. 1997 . In the present series, most of the parathyroid tumors showed reduced NF-kB activity with respect to normal parathyroid tissue, probably reflecting the benign feature and the low proliferative rate of these lesions. Interestingly, parathyroid hyperplasia from three MEN2A patients harboring a classic Cys634Arg RET mutation showed increased p65 phosphorylation, suggesting the presence of a constitutive NF-kB activation. This finding was consistent with the recent observation that RET mutations responsible for MEN2A and MEN2B induced a constitutive activation of the NF-kB pathway in the TT cell line and C cell carcinomas (Ludwig et al. 2001) . In the TT cell line, NF-kB was required for RET-mediated transformation, providing the up-regulation of an antiapoptotic gene expression program and promoting cell growth. Although obtained in few lesions due to the rarity of the disorder, the data here reported suggested that NF-kB might represent a target for RET signaling in human parathyroid cells.
Endocrine-Related Cancer
Familial and sporadic parathyroid tumors are often associated with loss of the oncosuppressor function of the MEN1 gene, that is mutated in the MEN1 syndrome. It has recently been demonstrated that in the COS-7, HeLa and NTERA-2 cell lines NF-kB proteins interacted with menin both in vivo and in vitro, suggesting that modulation of NF-kB transactivation may contribute to the tumor suppressor function of menin (Heppner et al. 2001) . In agreement with the only study reporting that in sporadic parathyroid adenomas menin was consistently expressed and not down-regulated as in MEN1 parathyroid samples (Bhuyan et al. 2000) , in our series menin protein was detected in all tumors at highly variable levels. Interestingly, sporadic parathyroid tumors with the highest levels of menin showed the lowest levels of phosphorylated p65, suggesting the existence of an interaction between these transcription factors in parathyroid tumors. In this respect, it is tempting to speculate that in parathyroid tumors menin may act as a suppressor of the proliferative and antiapoptotic actions of the NF-kB pathway.
We have provided some insight into the role of NF-kB in human parathyroid cells. NF-kB is maintained in an inactive form by sequestration in the cytoplasm through interaction with a family of proteins called NF-kB inhibitors (IkB) that includes several structurally related members (Karin & BenNeriah 2000) . Proteolytic degradation of IkB, that is rapidly induced by activators such as cytokines, toxins and mitogens, is the irreversible step required for NF-kB nuclear translocation and transcriptional activation (Karin & Ben-Neriah 2000) . We demonstrated that basal phosphorylated p65 activity detected in normal and tumoral parathyroid tissues was mainly determined by the activation of IkBa, as preincubation with a specific inhibitor, such as BAY11-7082, which prevents the phosphorylation of inhibitory protein IkBa bound to NF-kB (Pierce et al. 1997) , completely abolished basal phosphorylated p65 levels.
This study first reported that both mitogens and cytokines caused NF-kB pathway activation in parathyroid cells. In particular, as observed in other cell systems, NF-kB activation was induced by the aspecific mitogen, PMA, known to act through protein kinase C. Moreover, a similar activation was induced by TNFa, a cytokine not previously implicated in the control of parathyroid function or growth. Activation of NF-kB by TNFa requires TNFa binding to and trimerization of its type 1 receptor that by recruiting a Modulation of cyclin D1 expression levels by the NF-kB pathway in tumoral parathyroid cells. Although the stimulation by TNFa (100 ng/ml) did not exert significant changes in basal cyclin D1 expression levels, it induced a trend towards an increase in 10% FCS-stimulated cyclin D1 levels (n = 3). Incubation with the specific inhibitor BAY11-7082 (10 mM) induced a reduction in 10% FCS-stimulated cyclin D1 expression levels (n = 8). In the presence of FCS, the CaR activation by 300 mM gadolinium (Gd 3 + ) induced a 22-50% reduction in cyclin D1 expression. The effects of CaR and BAY11-7082 on cyclin D1 were not additive, since by blocking NF-kB phosphorylation, CaR activation did not induce a further inhibition of cyclin D1 levels (n = 4). Data represent the percent variation (meanstS.E.) over basal values, which are arbitrarily defined as 100%. *P<0.05 vs basal cyclin D1 levels; ·P<0.05 vs 10% FCS-stimulated cyclin D1 levels.
complex set of proteins induces the interaction with the large multi-protein kinase complex regulating NF-kB activity (Aggarwal 2003) . Although expression studies of these proteins in parathyroid tissues are not available, the present data showed that the TNFamediated signaling pathway was operative in parathyroid cells. Therefore, although the impact of increased TNFa levels found in patients with primary hyperparathyroidism has previously been focused on bone resorption (Grey et al. 1996 , Santos et al. 2003 , the present results suggest that the parathyroid might represent a new target for TNFa action.
Parathyroid cells are characterized by a peculiar sensitivity to extracellular calcium concentrations that is mediated by the CaR (Chen & Goodman 2004) . Recent studies showing parathyroid hyperplasia in mice and patients with inactivating mutations of the CaR strongly support the view that this receptor may play a pivotal role in parathyroid cell growth (Chen & Goodman 2004) . Consistent with this hypothesis, CaR activation by the CaR agonists gadolinium and neomycin induced a slight but significant decrease in both basal and TNFa-stimulated phosphorylated p65 levels in parathyroid tumors. This observation, together with the finding that these agents significantly reduced cyclin D1 expression, provided additional evidence for the anti-proliferative role of CaR activation in parathyroid cells. The interaction between the NF-kB pathway and CaR signaling has recently been demonstrated in animal models, in which the induction of CaR expression by interleukin-1b was found to be mediated by the activation of the NF-kB pathway (Canaff & Hendy 2005) .
Finally, we investigated the effects of NF-kB pathway activation on parathyroid cell proliferation by evaluating the expression of the cyclin D1 gene, a key regulator of G1 phase progression. Cyclin D1 has been demonstrated to play a key role in parathyroid cell proliferation as mice bearing a selective parathyroid overexpression of the cyclin D1 gene develop parathyroid hyperplasia associated with primary hyperparathyroidism (Imanishi et al. 2001) . Moreover, the p65 subunit is a potent transcriptional activator of the cyclin D1 gene in different cell types (Guttridge et al. 1999) . Indeed, NF-kB activity is required for cyclin D1 transcriptional initiation and hyperphosphorylation of pRb, leading to cell cycle progression into S phase. The present study showed that, although cyclin D1 expression was poorly induced by TNFa, the blockade of NF-kB by the specific IkBa inhibitor resulted in a dramatic reduction in cyclin D1 expression, suggesting that the NF-kB pathway may contribute to define basal cyclin D1 expression in parathyroid tumors.
In agreement with the anti-proliferative effect of CaR activation, CaR agonists caused a significant inhibition of cyclin D1 expression. This effect seemed to be, at least in part, due to the CaR-mediated inhibition of the NF-kB pathway since the effects of CaR agonist and IkBa inhibitor on cyclin D1 were not additive. Indeed, the intracellular signals mediating the antiproliferative action of CaR in the parathyroid are still unknown, since the pathways so far characterized are related to cell types, such as rat osteoblasts (Chattopadhyay et al. 2004) , rat H-500 Leydig cancer cells (Tfelt-Hansen et al. 2004) , and ovarian surface epithelial cells (Bilderback et al. 2002) , in which calcium acts as a mitogen by activating the JNK, p38 and phosphatidylinositol 3-kinase pathways respectively. The data provided here suggest that the inhibition of the proliferative NF-kB pathway may participate, at least in part, in the control of parathyroid cell growth by CaR agonists.
In conclusion, the study showed that p65 phosphorylation was dramatically increased in parathyroid cells with RET constitutive activation. In sporadic parathyroid tumors p65 phosphorylation negatively correlated with menin expression. Moreover, general activators of the NF-kB pathway, such as PMA and TNFa, as well as specific inhibitors of parathyroid function and growth, such as CaR agonists, were effective in increasing and reducing p65 phosphorylation respectively. Finally, the observation that NF-kB blockade resulted in a reduction in cyclin D1 expression suggested a proliferative role for NF-kB in parathyroid cells. 
